Anesthetics including isoflurane are known to induce neuronal dysfunction in the developing brain, however, the underlying mechanism is mostly unknown. The transcriptional activation of CREB (cyclic AMP response element binding protein) and the alterations in acetylation of histones modulated by several histone deacetylases such as HDAC4 (histone deacetylase 4) are known to contribute to synaptic plasticity in the brain. Here we have shown that administration of isoflurane (1.4%) for 2 h leads to transcriptional inactivation of CREB which results in loss of dendritic outgrowth and decreased expression level of proteins essential for memory and cognitive functions, such as BDNF, and c-fos in the developing brain of mice at postnatal day 7 (PND7). To elucidate the molecular mechanism, we found that exposure to isoflurane leads to an increase in nuclear translocation of HDAC4, which interacts with CREB in the nucleus. This event, in turn, results in a decrease in interaction between an acetyltransferase, CBP, and CREB that ultimately leads to transcriptional inactivation of CREB. As a result, the expression level of BDNF, and c-fos were significantly down-regulated after administration of isoflurane in PND7 brain. Depletion of HDAC4 in PND7 brain rescues the transcriptional activation of CREB along with augmentation in the level of the expression level of BDNF and c-fos. Moreover, administration of lentiviral particles of HDAC4 RNAi in primary neurons rescues neurite outgrowth following isoflurane treatment. Taken together, our study suggests that HDAC4-induced transcriptional inactivation of CREB is responsible for isoflurane-induced cognitive dysfunction in the brain.
Introduction
Anesthetics, including isoflurane, are known to induce neuronal dysfunction in the developing brain (postnatal day 5-7, PND5-7) (Fredriksson et al., 2007; Jevtovic-Todorovic et al., 2003; Jevtovic-Todorovic et al., 2001; Loepke et al., 2009; Zou et al., 2011) . During this process, isoflurane alters synaptic plasticity with changes that persist for at least 4 weeks post-exposure; however, unlike other anesthetics, isoflurane does not induce neuronal apoptosis (Briner et al., 2010) . Neonatal exposure to anesthetics results in neurocognitive and behavioral abnormalities during adolescence and adulthood (Jevtovic-Todorovic et al., 2003; Satomoto et al., 2009 ); although the mechanism by which this toxicity occurs is not clear.
Chromatin remodeling, especially through histone tail acetylation, which alters the compact chromatin structure and changes the accessibility of DNA to regulatory proteins, is emerging as a fundamental mechanism for regulating gene expression (Borrelli et al., 2008; Riccio, 2010) . Notably, it was demonstrated that the histone deacetylases (HDACs) are one of the major regulators of histone acetylation and synaptic plasticity (Morris et al., 2010; Peixoto and Abel, 2013; Riccio, 2010) . Within the Class I HDACs, HDAC 1, 2, and 8 are found primarily in the nucleus, whereas HDAC3 is found in both the nucleus and the cytoplasm and is also membrane-associated. Class II HDACs (HDAC4, 5, 6, 7 9, and 10) are able to shuttle in and out of the nucleus, depending on the signals (de Ruijter et al., 2003; Longworth and Laimins, 2006) . However, only HDAC4, 5 and 9 are present in the brain. The export of HDAC4 to the cytoplasm depends on its interaction with a 14-3-3 chaperone protein (Ellis et al., 2003; Grozinger and Schreiber, 2000) and is due to its phosphorylation at Ser-246, Ser-467 and Ser-632 by CaMK4 (Calcium/Calmodulin-dependent protein kinase 4) (Backs et al., 2006) .
Neurotrophic factors, such as nerve growth factor (NGF) and brainderived neurotrophic factor (BDNF), act by turning on genetic programs, especially those associated with cyclic AMP response element-binding (CREB) (Guan et al., 2009; Lonze and Ginty, 2002; Nott et al., 2008) . CREB modulated transcription of genes by recruiting another transcriptional co-activator called CBP (CREB binding protein) that contains the intrinsic HAT domain (Cardinaux et al., 2000; Vo and Goodman, 2001 ) that has been thought to be important in the actions of numerous growth factors including the neurotrophins.
